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PREFACE 

This i s  t h e  Summary Report covering t h e  work performed by 
mitiwid Research Ccrperation m d e r  Csntract No. PL4ss.?-1231 fe r  
t h e  Off ice  of Advanced Research and Technology, National Aero- 
n a u t i c s  and Space Administration during t h e  period August 4 ,  
1965 t o  September 1, 1966. The program i s  a cont inua t ion  of 
an i n v e s t i g a t i o n  t o  examine the e f f e c t  of vacuum and gas env i r -  
onments on t h e  f a t i g u e  p rope r t i e s  of metals begun under Contract  
NO. NASW-962. 

The major c o n t r i b u t o r s  t o  t h i s  program were D r .  M.A. Wright 
and Mr. M.E. Reed under t h e  supervis ion of D r .  M . J .  Hordon of 
t h e  research  staff of NRC. The t echn ica l  monitor was M r .  R. 
Raring, OART, NASA, Code RRM. 

Sagle of t h e  resu t of t h i s  work were presented i n  t h e  
t e c h n i c a l  l i t e r a t u r e  $3. 

iv 



MFXHANISM OF THE ATMOSPHERIC IKTEUCTION 

W I T H  THE FATIGUE OF METALS 

By M . J .  Hordon, M.A. Wright and M.E. Reed 
National Research Corporation 

SUMMARY 

cont inua t ion  of previous research on t h e  f a t i g u e  be- 
1100-Hl4 aluminum i n  vacuum, measurements of the  fa- 
ertles were extended t o  include v a r i a t i o n s  i n  temper- 
dual gas c m p o s i t i o n  and reducrld pressure l e v e l .  

Fa t igue  tests both i n  a i r  o r  vacuum i n t e r r u p t e d  a f te r  nuc lea t ion  
of a v i s i b l e  c rack  and continued a t  a d i f f e r e n t  pressure  l e v e l  
demonstrated t h a t  t h e  c rack  i n i t i a t i o n  phase of t h e  f a t i g u e  pro- 
cess was i n s e n s i t i v e  t o  t h e  ambient gas pressure .  However, t h e  
crack propagation phase was s u b s t a n t i a l l y  re ta rded  when t h e  en- 
vironmental  pressure was below t h e  c r i t i c a l  t r a n s i t i o n a l  p re s -  
s u r e  of approximately 10-3 Torr noted i n  e a r l i e r  work. 

w i t h  both temperature and c y c l i c  stress frequency. Fat igue 
tests conducted i n  r e s i d u a l  atmospheres of p u r i f i e d  02 and H 0 

iorr were gene ra l ly  s i m i i a r  to the tests made at equiveiient 
a i r  pressures .  However, t e s t s  c a r r i e d  out  i n  pure H2 gas atmos- 
phere showed t h a t  t h e  t r a n s i t i o n  pressure  l e v e l  f o r  f a t i g u e  l i f e  
improvement could be r a i s e d  t o  pressures  approaching u n i t  atmos- 
phere. 
absorp t ion  rate vs .  crack growth r a t e  model proposed i n  e a r l i e r  
work t o  account f o r  t h e  t r a n s i t i o n  pressure e f f e c t .  

a 
The t r a n s i t i o n a l  pressure l e v e l  w a s  observed t o  increase  

gas  a t  intermediate  pressure levels  i n  t h e  range 10-6 t o  10' z 
m -  - 

The experimental d a t a  convincingly support  t h e  oxygen 

With p a r t i a l  p ressures  of oxygen well below t h e  critical 
l e v e l ,  l i t t l e  f u r t h e r  improvement i n  t h e  f a t i  ue l i f e  w a s  ob- 
served w i t h  reduced pressures  down t o  5 x l O - f 1  Torr i n  t e s t s  
c a r r i e d  out i n  Phase I1 of the program. A t  5 x 'L0-11 Torr ,  a 
two-fold increase  i n  c y c l i c  stress frequency r e s u l t e d  i n  a pro- 
po r t iona l  increase  i n  the number of cyc le s  required f o r  f a i l u r e .  
It  w a s  concluded t h a t  the t o t a l  exposure t i n e  to the  r e s i d u a l  
oxygen environment was t h e  controlling paraae ter  for the f a t i g u e  
process  at t h i s  vacuum l e v e l  rather than t h e  number of a l t e r n a -  
t i n g  stress a p p l i c a t i o n s .  

1 



I n t e r e s t  i n  t h e  e f f e c t  of ou ter  space environments on t h e  
phys i ca l  and mechanical p rope r t i e s  sf engineer ing materials 
h a s  s u b s t a n t i a l l y  increased i n  r ecen t  yea r s  with t h e  growing 
pace of our sa te l l i t e  and lunar  research e f ' fo r t .  The need f o r  
more p rec i se  and ex tens ive  information on t h e  e x t r a  terrest ia l  
behavior of materials has developed in proport ion t o  the  ex- 
panding r e l i a b i l i t y  requirements as more complex v e h i c l e s  probe 
deeper i n t o  space f o r  longer per iods  of time. 

With r e spec t  t o  ma te r i a l s  r o p e r t i e s  i n  space, t h e  high 
vacuum level, est imated a t  10-1 3 Torr above 2000 km height  3 
i s  of major i n t e r e s t .  
vapor molecules t o  react w i t h  m e t a l  su r f aces  a s  w e l l  as t h e  
l i k e l y  degredat ion of e x i s t i n g  adsorbed f i l m s  by mechanical 
ab ras ion  or cosmic e ros ion  w i l l  s t rong ly  Lrifluence sur face-  
s e n s i t i v e  p r o p e r t i e s  such a s  f a t i g u e .  

of netal specimens has been i n t e n s i v e l y  inves t iga t ed  by nu- 

g iven  stress leve l ,  a large decrease  i n  t h e  number of' c y c l e s  
t o  fracture w i l l  occur i f  t h e  t e s t  i s  eonducted i n  a cor ros ive  
environment i n  contrast t o  condi t ions  i n  vacuum. The r e a c t i v e  
medim- which surrounds t h e  specimen usua l ly  e x e r t s  i t s  maximum 
effect  i f  i t  e x i s t s  i n  t h e  l i q u i d  state;  however, t h e  r e s u l t s  
of t h e  o r i g i n a l  experiments performed by Gough and Sopwith 4 
demonstrate t h a t  a l o s s  i n  f a t i g u e  l i f e  occurs i f  t h e  t e s t  
i s  c a r r i e d  out  i n  a gaseous environment. 

The r e l a t i v e  absence of oxygen or water 

The effects of t he  surrounding media on t h e  f a t i g u e  l i f e  

I- ,,,er~u~ worlK=rs, T t  is - n T . v  A I U W  5 L L A L A . U A A J  m n . n l o v ~ 1 1 ~ ~  Ublrhybbu n n n a n + n A  r - k E 3 *  c r r u c ,  ~ w I  Fnnr 2 A L  
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F a t i  ue tes ts  have been carried aut 33 a ~ a r i e t y  of metals 
us ing  d i f  B e r e n t  environmental gas pressuxes. Gough and Sopwith 
found t h a t  t h e  l i f e  of copper and brass could be increased i f  
t h e  t e s t  were c a r r i e d  out  a t  an en=vgironment,al p ressure  of 10-3 
Torr. Further  i n v e s t i g a t i o n s  showed that oxygen and water va- 
por had to be present  t o  reduce th l i f e  t~ t l - 2  n o r m 1  a i r  
value.5 Recently,  work by Sncjxdon' has indka",ed t h a t  t he  i n -  
c r ease  i n  f a t i g u e  l i f e  observed when l c r d  is fatigued a t  pro- 
g r e s s i v e l y  lower pressures QCCU-E a t  rs c l e f i n i r e  pressure l e v e l ;  
the l i f e  above and beIo~7 this c r i t i c - a l  p 3 i n t  appears t o  be pres-  
su re  independent. 
aluminum has  been s tudied  by Wadsworth 7 who found t h a t  t h e  l i f e  
increased  as t h e  environmental p ressure  w a s  Powered. 

The effect of vacuum on t h e  f a t i g u e  l i f e  of 

Work by 
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Ham and Refchenbach produced e s s e n t i a l l y  the same resU1t.s. 
These l a t te r  au tho r s  suggested t h a t  a critical pressure  l e v e l  
e x i s t e d  between 10-2 and 10-4 Torr, below which t h e  f a t i g u e  
l i f e  w a s  s u b s t a n t i a l l y  improved,, Hordon and Reed 9 have In- 
v e s t i g a t e d  t h i s  area i n  more d e t a i l  i n  t h e  preceeding program 
under NASA Contract  No. NASw-962 and confirmed t h e  resence 
of t h e  c r i t i ca l  pressure level between 10-2 and 10- t  Torr;  
they concluded t h a t  t h e  increase  in l i f e  was due t o  a r e t a r -  
d a t i o n  i n  t h e  c rack  growth r a t e .  It has  been suggested t h a t  
a l l  of t h e  above r e s u l t s  r e f l e c t  a c r i t i ca l  pressure  depen- 
dence of monolayer oxygen o r  hydrogen atomic adsorp t ion  a t  t h e  
f a t i g u e  c rack  sur faces .  

The followgng r e p o r t  conta ins  a d e s c r i p t i o n  of experiments 
(Phase I) performed t o  i n v e s t i a t e  t h e  e f f e c t s  of temperature,  

p r o p e r t i e s  of aluminum; f u r t h e r  work is a l s o  repor ted  (Phase 11) 
which extends t h e  inves t iga t ion  t o  include extremely low pres- 
s u r e  va lues  t o  less than 10-10 Torr. 

= s t - i n t e r r u p t i o n ,  and residua f gas pressures  on t h e  f a t i g u e  

EXPERIMENTAL PROCEDURES 

Phase I 

Apparatus and specimens. - The f a t i g u e  appara tus  used i n  
Phase I s t u d i e s  was e s s e n t i a l l y  t h e  same e i g h t  pos i t i on ,  con- 
s t a n t  d e f l e c t i o n  u n i t  described i n  previous r e p o r t s  under NASA 
Contract  No. NASw-962. As shown i n  Figure 1, i t  cons i s t ed  of 
a s t a i n l e s s  steel circular f lange  on which 8 e lectr ic  motor d r i -  
ven e c c e n t r i c s  were mounted. 
when t h e  motors were a c t i v a t e d  w a s  used to d r i v e  f o r c e  rods 
connected through f l e x i b l e  bellows seals t o  one end of t h e  spe- 
cimen. The c m p l e t e  assembly was mounted on a s t a i n l e s s  steel  
c y l i n d r i c a l  chamber which could be evacm.ted t o  a pressure  of 
1 x 10-7 Torr. 
du r ing  s t r e s s i n g ,  through g l a s s  windows sealed t o  t h e  S t a i n l e s s  
s tee l  by Ksvar f i t t i n g s .  It was psssfklk? to raise the  environ- 
mental  temperature i n s i d e  t h e  spool p iece  by means of a q u a r t z  
covered hea t ing  element. The r a d i a n t  h a t  from t h i s  source 
proved s u f f i c i e n t  t o  heat t he  apparatus  t o  a temperature of 
100°C as measured a t  t h e  specimen, by a CkzomeI-AZusnel  therms-  
couple"  

The asymmetric motion produced 

Visual observat ion ~f the specimen was poss ib l e ,  

The high p u r i t y  gas  used i n  t h e  r e s i d u a l  atmosphere t e s t s  
was f u r t h e r  p u r i f i e d  by passing it through copper c o i l s  which 
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were maintained a t  a low temperature. Trace amounts of water 
vapor were removed Erom t h e  oxygen by maintaining t h e  coils a t  
-100°C: water vapor and oxygen were removed from t h e  hydrogen 
by maintaining t h e  c o i l s  a t  l i q u i d  n i t rogen  temperature,  -196'C. 
P r i o r  t o  each experiment t h i s  f r eeze -ex t r ac t ion  system was eva- 
cua ted ,  using an a u x i l i a r y  mechanical pump, and r e f i l l e d  three 
t i m e s  with t h e  des i r ed  gas;  the sys t em was then allowed t o  s tand 
overnight  at low temperature t o  ahlow the  pumping a c t i o n  of t h e  
low temperature region t o  remove any f u r t h e r  t r a c e s  of conden- 
s a b l e  impur i t i e s .  The l a r g e  number of t u r n s  present  i n  a cop- 
per pipe was presumed s u f f i c i e n t  t o  i n s u r e ,  a t  t h e  low through- 
put rates used, t h e  complete e l imina t ion  of t h e  condensable 
i m p u r i t i e s  e 

For use i n  t h e  f a t i  ue t e s t i n g  unit, a f ixed  end c a n t i l e -  
ver-type specimen was se f ected with t h e  dimensions shown i n  
Figure 2.  The specimen geometry was c l o s e l y  similar t o  the 
s tandard  AS'TX design f o r  constant  stress a long  t h e  gauge length .  
With t h e  aluminum samples  used i n  t h e  present  i n v e s t i g a t i o n  
(ll00-HEb A I ,  BHN=32), a design th ickness  of 0.185 i n .  re- 
qu i r ed  a f o r c e  of about 20 l b  
amplitude of & 0.040 in. The s t r a i n  ampPitLdes i n  reversed 
bendin 

t o  achieve t h e  mxinlan bending 

were chosen t o  produce f a t i g u e  fractures i n  the range e 5 x 10 8 t o  107 cyc le s .  

Testprocedure. - Standard bend t e s t  f a t i g u e  specimens 
were c u t  and mi l l ed  t o  shape from as received h a l f  hard a l m i -  
nun shee t  s tock.  The specimen su r faces  were mechanically 
pol ished t ak ing  g r e a t  care t h a t  t h e  very f i n e  scratches t h a t  
remained i n  t h e  sur face  a f t e r  t h e  f i n a l  po l i sh ing  opera t ion  
were a l l  normal t o  t h e  d i r e c t i o n  of growth of the  f i n a l  crack.  
It w a s  found from preliminary experiments t h a t  these  scratches, 
produced by Linde 0.5 micron alumina powder, d i d  not  a f f e c t  
t h e  t u t a l  f a t i g u e  l i f e .  

t o  t h e  fol lowing procedures : 
Fatigue tes ts  were run a t  s e l ec t ed  vacuum levels according 

1. Specimens were se l ec t ed  a t  r a n d m  and checked fo r  d i -  
mensions. 

2 ,  Af te r  pumpdown t o  a s t a b l e  vaeuu., sirnulraneous f a t i g u e  
t e s t s  w e r e  run a t  cyc l ic  frequencies  of 25 an3  50 c p s ,  

3. For each cons tan t  s t r a i n  amplitude and vacuum l e v e l ,  
fou r  s t a t i o n s  each were operated a t  t h e  two f requencies ,  The 
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Fig. 2 

PHASE I SPECIMEN OUTLINE 
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s t a t i o n s  w e r e  a l t e r n a t e d  i n  successive pumpdowns t o  average 
t h e  r e s u l t s  of i nd iv idua l  amplitudes. 

4. Eight i nd iv idua l  t es t s  were run f o r  each s t r a i n  am- 
p l i t u d e  and frequency t o  obtain a high degree of confidence 
i n  t h e  f a t i g u e  l i f e  d a t a .  

were observed i n  the da t a .  
5. Addit ional  t es t s  were performed i f  excessive dev ia t ions  

6. During t h e  f a t i g u e  t e s t s ,  v i s u a l  observat ions of c r ack  
formation and growth were recorded as a func t ion  of t h e  c y c l i c  
l i f e .  Selected samples  were monitored f o r  moment f o r c e  us ing  
a recorder  t o  i n d i c a t e  changes i n  specjmen mounting plate  
d e f l e c t i o n .  

7. The t o t a l  f a t i g u e  l i f e  was taken a s  100% crack  exten- 
s i o n  a c r o s s  t h e  sample gauge sec t ion .  

Phase I1 

Apparatus and specimens. - As descr ibed previously 9 , 
an appara tus  was designed and cons t ruc ted  during t h e  i n i t i a l  
work -tinder Contract NASw-962 to impose reverse bendFng loads 
a t  cons t an t  d e f l e c t i o n  a t  pressure l e v e l s  below 10'9 Torr.  
This  phase of t h e  inves t iga t ion  was intended t o  extend observa- 
t i o n s  of t h e  effect of vacuum on f a t i g u e  p r o p e r t i e s  t o  l e v e l s  
n o t  a t t a i n a b l e  with t h e  equipment used i n  Phase I s t u d i e s .  

0 

?'he cons idera t ions  underlying the  design of a f a t i g u e  
tes t  device t o  opera te  a t  extremely low pressure  l e v e l s  have 
a l s o  been ex tens ive ly  described i n  a previous r e p o r t  g o  Basi- 
c a l l y ,  t h e  u n i t  c o n s i s t s  of an electromagnet ic  v i b r a t o r  which 
d r i v e s  a c e n t r a l  s h a f t .  Eight specimens are c o n c e n t r i c a l l y  
mounted so t h a t  t h e  inner  ends are a t t ached  t o  t h e  s h a f t  w h i l e  
t h e  ou ter  ends are r i g i d l y  f ixed  t o  an annular  base. The en- 
t i r e  assembly was designed t o  be incorporated i n  t h e  Extreme 
High Vacuum (XHV) System developed a t  NRC. A schematic i l l u s -  
t r a t i o n  of t h e  f a t i g u e  tes t  assembly i s  shown i n  Figure 3. 
The e x c i t e r  d r i v e r  i s  i n  an environment of u n i t  atmosphere 
w i t h  power l eads  and a i r  cool ing tubes extending through a c y -  
l i n d r i c a l  s h a f t  t o  the  outs ide.  :he e x c i t e r  enclosure p e r n i t s  
i n s t a l l a t i o n  wi th in  t h e  XHV system as shown i n  a general  v i e w  
i n  Figure 4. 

Figure 5 i s  a schematic of t h e  concent r ic  t r i p l e  bellows 
assembly which al lows t h e  v i b r a t i o n a l  s h a f t  motion between t h e  

e 7 
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atmospheric pressure region of t h e  enclosure and t h e  XHV region 
without  introducing a heavy gas load i n t o  t h e  vacuum area, Three 
~n1t-1 - - - - seal - - - - Q wm-P . . - - - used in p l a c e  nf elast~~eric, gaskets te seal, +,he 
e x c i t e r  enclosure.  The annul i  between t h e  bellows are sepa ra t e ly  
pumped through tubing extending out through t h e  main e x c i t e r  
access s h a f t .  The outer  annulus l a b e l l e d  "B" i n  Figure 5 w a s  
used eo balance t h e  bellows pos i t ion  p r i o r  t o  system pum$own. 
The inner  annulus l a b e l l e d  "V" w a s  evacuated t o  approximately 
10-6 Torr. Any small l eak  i n  t h e  inner  bellows then would not  
s e r i o u s l y  compromise t h e  high vacuum workim volurne. The t r i p l e  
bellows design prevents  any c a t a s t r o p h i c  be 9 lows f a i l u r e .  

The moving d r i v e  sha'ft which extends through t h e  c e n t e r  of 
t h e  bellows asembly is connected t o  t h e  specimens through 8 
columnar push-pull rods,  ou t l ined  i n  Figure 5 .  The specimens 
were r i g i d l y  clamped t o  t h e  face of a v e r t i c a l l y  faced f l ange ,  
A l l  8 specimens move simultaneously i n  bending as t h e  s h a f t  i s  
d isp laced .  

The' specimens.with a 1.0 i n .  gauge length  by 0.080 i n .  i n  
thickness,were made from 1100-H14 aluminum shee t  and were shaped 
as shown in Figure 6 .  Silicon ca rb ide  paper No. 600A w a s  used 
t o  w e t  po l i sh  t h e  surface$.  

h e l i u m  cooled copper cy l inde r  shown i n  Figure 4. However, a 
l i q u i d  n i t rogen  cooled thermal s h i e l d  i s  in te rposed  between t h e  
w a r m  specimens and t h e  helium cooled c y l i n d e r  t o  reduce t h e  
heat load t o  the hPli1rm ref3i$erator; This thermal shFe1.1 is 
a double walled o p t i c a l  b a f f l e  w i t h  ho le s  spaced t o  allow non- 
condensible  gas removal by d i f f t l s ion  pvmping. 

A Redhead magnetron gauge operated from an NRC Equipment 
Corporation Model 752 gauge con t ro l  i s  mounted w i t h  the gauge 
envelope opening d i r e c t l y  fac ing  t h e  specimens. I n  t h i s  way, 
t h e  gauge responds t o  gas emitted from t h e  specimens and senses  
t h e  molecular number dens i ty  surrounding t h e  specimens. 

rm A l l e  speeimfis axe exposed to the V a c U - u  czeated by the 
0 

The h e a r t  of t h e  vibra.t ing system, t h e  v i b r a t i o n  e x c i t e r ,  
i s  a permanent magnet, moving c o i l  t y p e  of v i b r a t i o n  generator  
manufactured by Pye-Ling Ltd. 
50 lb r a t i n g  i n  the  20 t o  100 cps  frequency range and i s  a i r  
cooled. 

The model V50 mk 1 has  a nominal  

Power f o r  d r i v i n g  t h e  e x c i t e r  o r i g i n a t e s  i n  an audio f re-  
quency s i n e  wave generator .  This i s  ampl i f ied  by a high f i d e l -  

11 
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DETAIL OF FATIGUE TEST APPARATUS SHOWING SPECIMEN ASSEMBLY 
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i t y  power ampl i f i e r  and i s  connected d i r e c t l y  t o  t h e  v i b r a t i o n  
genzeratm. 

h p I i t i . d e  ccntrcl is achieved :.?it.!-! a strain patice c i r c u i t  
0- - v - 

prsv id iQg -Jarfable ga in  between t h e  s i g n a l  generator  and t h e  an- 
plifier. Cermnic bonded s t r a in  gauges are mcunted on f l a t  s t a i n -  
less steel spr ing  s tock  so t h a t  t h e  sp r ing  s t o c k ' i s  d e f l e c t e d  
w i t h  the same amplitude as the speeimers. A very  s l i g h t  decroase 
i n  specimen amplitude due t o  changes i n  material p r o p e r t i e s  
causes a compensating decrease i n  t h e  v a r i a b l e  ga in  s tage .  With 
t h i s  system, d e f l e c t i o n  amplitude can be held t o  + 0.001 i n .  - 

Test procedure. - Median f a t i g u e  l i f e  S-N curves were 
obtained in atmospheric air and i n  extremely high vacuums af- 
te r  i n i t i a l  s t r e s s - s t r a i n  c a l i b r a t i o n  tes t s  were made on t h e  
specimens and after c a l i b r a t i o n  of t h e  e l e c t r o n i c  e x c i t a t i o n  
P O F ~  system. ,The s t r e s s - s t r a i n  c a l i b r a t i o n s  were made by r i g i d l y  
mounting t h e  large end of a tes t  specimen on a test block bo l t ed  
tc an I n s t r o n  Model TT-C t e s t i n g  machine. The small end of t h e  
specimen was then d e f l e c t e d  by p u l l i n g  i t  w i t h  a f l a t  steel. 
r ibbon clamped a t  one end i n  the  machine. 

T ight  clamping of t h e  specimen w a s  found t o  be c r i t i ca l  
and it was aeceseary t o  use a clamping p la te  over t h e  specimen. 
" ~ e  clamping plate used i n  these t e a t s  a d  ir; the v i b r z t i m  
fatigue t e s t s  was 1/8 in .  t h i c k  and t h e  same width and breadth 
as t h e  Parge end of t h e  specimens. The l ength  of t h e  s tee l  
r ibbon was found t o  a f f e c t  t h e  fo rce -de f l ec t ion  s lope  also. 

i s n g ,  ~ a l u e s  of t h e  elastic modulus E were obtained which agreed 
weli with  other published values.lO 

- 
0 

T.71 .ILLSLY cl. t i g h t  zlmping a d  steel rfhbnn approximately t w o  inches 

The equation 

F/y = E b h3/ 6 L3 

was used to e s t a b l i s h  t h e  value of E ,  where F i s  the deflecting 
force measured on t h e  Ins t ron  macbine, y i s  t h e  d e f k c t i r n ,  b i s  
the eff lect ive width of the  specimen at t h e  clarnped base,  h is t h e  
t h i c k m s s  of t h e  specimen, and L i s  t h e  length  of t h e  s p c h e n  be- 
tween t h e  clamped edge and t h e  center f i n e  of t h e  defleekaag fo rce .  

where S i s  t h e  bending stress i n  p s i .  

13 



After completion of t h e  stress-strain c a l i b r a t i o n ,  t h e  
electrical  c i r c u i t  c a l i b r a t i o n s  were made. These cons i s t ed  
of ob ta in ing  voi tage  measurements from the strziii gziuge z f r -  
c u i t  under dynamic condi t ions  while v i s u a l l y  measuring t h e  
amplitude of the  specimen v ib ra t ion .  The c a l i b r a t i o n  h a s  t o  
be made a t  each frequency t o  be used s ince  t h e  response of t h e  
c a p a c i t i v e  c i r c u i t  elements v a r i e s  with frequency. 
with a f i lar  eyepiece was used t o  view t h e  v i b r a t i n g  specimen. 
A stroboscope was used t o  i l l umina te  t h e  specimen so t h a t  t h e  
ends of t h e  s t roke  could be viewed i n  t h e  te lescope  f o r  mea- 
surement. The stroboscope a l s o  served as t h e  frequency s tan-  
dard .  

A te lescope  

Tho e i g h t  test specimens, after u l t r a s o n i c a l l y  c l e a n i n  I 

them i n  acetone and then  i n  pure g r a i n  a l coho l ,  were r a d i a l  f y 
arranged on t h e  mounting f lange for each group tes t ,  The 
specireens were then v i b r a t e d  a t  t h e  d e s i r e d  amplitude and 
frequency. During a i r  tests i t  w a s  poss ib l e  t o  check t h e  
amplitude v i s u a l l y  as w e l l  as t o  monitor t h e  amplitude vol tage  
indicatbon.  A s  each specimen f a i J e d ,  i t  separated due t o  t h e  
l i g h t  sp r ing  a c t i o n  of t h e  push-pull rods and e l e c t r i c a l l y  
opened the c i r c u i t  t o  a c lock  timer thus  enabl ing  accu ra t e  
de te rmina t ion  of c y c l e s  to f a i l u r e .  

Median fatigue l i f e  S-N curves were determined from t h e  
resulps of tests on f i v e  groups of e i g h t  specimens i n  vacuum 
and from six groups of e i g h t  specimens i n  a i r .  
made a t  or  near  room temperature. A l l  t e s t s  were run a t  100 
cps except  t h a t  one group w a s  run at 200 cpe to empare ~ i t h  
t h e  lOOcps tes t  a t  one stress amplitude. 

0 

A l l  tests were 

EXPERIMENTAL RESULTS AND DISCUSSION 

Phase I 

Elevated temperature tes ts .  - Measurements of t h e  frac- 
ture l i f e  i n  reverse  bending i a t i g u e  for aluminum were made 
a t  20" and 100°C w i t h  a constant  sur face  s t r a i n  amplitude of + 0.0012 i d i n .  corresponding t o  a maximum bend stress of about 
T ~ , O O O  p s i  f o r  t h e  specimens t e s t e d .  Fat igue tes t s  were con- 
ducted a t  pressure l e v e l s  varying from u n i t  atmosphere t o  
2 x 10-7 Torr a t  c y c l i c  f requencies  of 25 and 50 c p s  t o  vary 
t h e  t i m e  rate of c rack  extension.  

The effect of a decrease i n  pressure  on t h e  f a t i  ue l i f e  
of aluminum a t  these  d i f f e r e n t  temperatures  i s  shown Tt n Figure 
7 .  0 It can be seen t h a t  a cri t ical  pressure  ex is t s  i n  t h e  range 
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to I O a 3  Tarr above and  below which l i t t l e  f a t i g u e  l i f e  
dependence i s  observed. It i s  evident  t h a t  i n  comparison eo 
the room temperature r e s u l t s ,  a w e l l  def ined increase  i n  t h e  
c r i r ica i  pressure required f o r  f a t i g u e  improvemenc r e s u i t e d  
from the increase  i n  t h e  operat ing temperature.  

The c r i t i c a l  pressure requi red  f o r  c r ack  growth r e t a rda -  
t i o n  can be est imated from t h e  pressure dependence of t h e  r a t e  
of oxygen absorp t ion  a t  the c rack  t i p  ( v  ) and the  observed 
t i m e  rate of c rack  propaggtios ( v c )  1 ~ 2 ~ 8 ~  The l i n e a r  rate 
of absorp t ion  ( v a )  fox a monolayer of oxygen adatoms per 
u n i t  area of exposed crack  surface can be d e r f v e d : l l  

v = k?/ta = K p02/(MT) 1/2 
a 

where 

3.5 x k?/A K =  
3/a 

and K i s  a geometrical f a c t o r  t o  account €or t h e  molecular 
arrival rate a t  t h e  base of a long, narrow c r a c k  of length 
1 and width r ;  A i s  the  c ros s - sec t iona l  area, and M t h e  

molecular weight of t h e  adatom, ~ h 7  i s  t h e  r e s i d u a l  par t ia l  
pressure  of oxygen and T i s  t h e  al55olute temperature.  

9 may be i n t e r p r e t e d  as the  reduced pressuxe f o r  which va = vc, . 
A t  nigher pressures ,  va wiii be greater than vc and the cracK 
f r o n t  w i l l  be continuously s a t u r a t e d  with 02;  a t  lower pres- 
s u r e s ,  vG w i l l .  be greatet than V a  and t h e  c rack  sur faces  will 
not  acqui re  an adsorbed f i lm ,  For aluminum, a comparison of 
t h e  v a r i a t i o n  of va fog oxygen a t  room temperature and vc w i t h  
p ressure  f o r  t h e  i n i t i a l  10 percent  of c r ack  ex tens ion ,  shows 
t h a t  t h e  two rates were equiva len t  a t  about 10-3 Torr i n  agree- 
ment w i t h  t h e  well-defined change i n  t h e  f a t i g u e  l i f e  found 
i n  t h i s  pressure range. 

of temperature shown i n  Figure 7 on the t r a n s i t i o n  pressure 
may bl? i n f e r r e d ;  

The t r a n s i t i o n  pressure f o r  f a t i g u e  c rack  r e t a r d a t  ion 

On t h e  b a s i s  of t h i s  competing r a t e  mechanism, t h e  e f f e c t  
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Taking TI = 291°K and T2 = 373"K, V a  (100OC) = 0.88 va (20°C). 
The s h i f t  i n  vB w i t h  temperature i s  i l l u s t r a t e d  i n  Figure 8.  
Thc s x z j ~ r  portiorz ~f t h e  t r ans i t i nn  pressure increase  can be 
accounted f o r  by a s i g n i f i c a n t  increase  i n  the  observed f a t i g u e  
c r a c k  growth rate vc. A s  shown i n  Figure 8 measurements of t h e  
average propagation r a t e  f o r  t h e  i n i t i a l  10 percent of crack  
ex tens ion  gave a value of vc (100°C) about equal  t o  4 t o  5 
t i m e s  vc (20°C) through the e n t i r e  vacuum range t e s t e d .  The 
inc rease  i n  t h e  growth r a t e  w i t h  temperature i s  c o n s i s t e n t  
w i th  t h e  decrease i n  f a t igue  lif genera l ly  observed f o r  pure 
metals with r ise  i n  temperature. f 2  

The combined effect  of t h e  changes i n  t h e  l inear  adsorp- 
t i o n  and propagation rates was t o  s h i f t  t h e  pressure  l e v e l  a t  
which he rates are equal  from approximately 2 x 10'3 Torr 
t o  loa5 Torr as ind ica t ed  i n  Figure 8 ,  The increase  i n  t h e  
c r i t i ca l  pressure f o r  f a t igue  enhancement shown i n  Figure 7 was 
i n  c lose  agreement w i t h  t h i s  der ived  pressure  change. 

Residual gas environments. - It h a s  been shown t h a t  a 
discont inuous decrease i n  f a t i g u e  l i f e  occurs  as t h e  envfron- 
mental  pressure of the  test specimen i s  r a i s e d  from 10-7 Torr 
t o  atmosphere. This decrease i n  f a t i g u e  l i f e  h a s  been a t t r i -  
buced gene ra l iy  t o  the ac t ion  of oxygen Is; the 1 7 ; - ; - 4 + - 7  V L C . A L A . L . C J  sf t he  
f a t i g u e  c rack .  The proposed mechanism i s  t h e  a s s o c i a t i o n  and 
adso rp t ion  of oxygen molecules on t h e  f r e s h l y  formed cracked 
su r faces  t o  form, presumably, a metal oxide. T h i s  material 
inhibits the reversgl  nf slip along t he  f a t i g u e  g l i d e  bands and 
prevents  rewelding of t h e  cracks.  

I n  the  case of aluminum, a second mechanism comprising t h e  
d i s s o c i a t i o n  of water vapor molecules and subsequent adsorp t ion  
of hydrogen (H+) ions on t h e  c rack  su r faces  has  been advanced i n  
order  t o  expla in  the  acce le ra t ed  e f f e c t  of water vapor i n  the  
atmosphere i n  promotion of c rack  formation and growth. Since 
aluminum i s  a r e a c t i v e  metal ,  it i s  l i k e l y  t h a t  both mechanisms 
may operate  dur ing  f a t i g u e  s t r e s s i n g .  

Fatigue tes ts  were c a r r i e d  out using r e s i d u a l  gas p r e s s u r e  
of oxygen, water vapor and hydrogen. Great care was taken t o  
c f imina te  a l l  trace impur i t ies  from these  gases by passing them 
through t h e  f r e e z e  e x t r a c t i o n  appara tus .  A l l  t e s t s  were run  
dynaxnically by allowing a small steady stream of t h e  required 
gas t o  pass  through t h e  sys tem w h i l e  t h e  pumps were s t i l l  oper- 
a t i n g .  The environmental pressure l e v e l  could be accu ra t e ly  
maintained by a d j u s t i n g  the rate of i npu t  of t h e  gas. 
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%e ambient pressure l e v e l s  were obtained using t h e  pures t  
macerials a v a i l a b l e ;  99.9 percent pure oxygen w a s  supplied by 

gen w a s  obtained from t h e  J.T. Baker Company; t h e  water vapor 
experiments were conducted using t r i p l e  d i s t i l l e d  m a t e r i a l .  

t b.e ipfndG n.y U I V  T 7 +  L U - L V I I  Q +  -,-, cf VsFon Carbide; 99 .999  percer?t przrr! h57dr3- 

The e f f e c t s  of t h e  r e s i d u a l  pressures  of t h e  var ious  gasps 
on the f a t i g u e  l i f e  of aluminum are shown i n  Tables I thraugh V. 
A graph ica l  r ep resen ta t ion  of tYsPow stress d a t a  i s  shown i n  
F i  ure  9. 

water were i d e n t i c a l ;  a l a rge  incrc-ase i n  f a t i g u e  l i f e  was ob- 
served a t  t h e  same cr i t ical  pressure  l e v e l .  
seen t h a t  above and below t h i s  value l i t t l e  dependence of 
f a t i g u e  l i f e  with pressure was observed. 

The r e s u l t s  were s t a t i s t i ca l ly  analyzed using S tuden t ' s  "t 8 tes t  l3 and i t  w a s  found t h a t  t h e  r e s u l t s  f o r  oxygen and 

It can eas i ly  be 

The r e s u l t s  obtained when hydrogen was used t o  provi,de t h e  
r e s i d u a l  gas  pressure are s i g n i f i c a n t l y  d i f f e r e n t  from those 
d iscussed  above. It i s  apparent t h a t  t h e  f a t i g u e  l i f e  i n  hydro- 
gen i s  independent of t h e  pressure of t h e  gas and i s  i d e n t i c a l ,  
a t  a l l  l e v e l s ,  t o  t h e  l i v e s  obtained u s i n g L a  low pressure envi-  
ronment composed of ei ther  a i r ,  oxygen, o r  water vapor. This 
behavior suggests t h a t  t h e  mechanism of f a t i g u e  c rack  r e t a rda -  
t i o n  was no t  dependent on a hydro en-metal r e a c t i o n  but  was 
rarner tne r e s u i t  of an absence uf Keaetlve apygeri molzciiles 
i n  t h e  gas.  It i s  reasoned the re fo re  t h a t  t h e  apparent  i n -  
crease i n  t r a n s i t i o n  pressure a c t u a l l y  r e s u l t s  from a "blan- 
ket ing" e f f e c t ;  t h e  hydrogen gas  does no t  conta in  a high enough zonzentraticn sf resctive hpcrr I t les  tc! effect the crack growth 
rate 

The effect  of t h e  var ious gaseous media on t h e  c rack  p ~ o -  
pagat ion rate i s  indica ted  i n  Figure 10. It can be seen t h a t  
the number of c y c l e s  of stress necessary t o  form a c rack  of a 
given length  i s  only dependent on t h e  pressure and does n J t  
depend on t h e  environmental composition. The c rack  propaga- 
t i o n  rate d a t a  obtained using hydrogen gas are, as would be ex- 
pected,  independent of pressure and correspond t o  t h e  results 
obtained from specimens fa t igued  i n  h igh  vacuum. 
e f f e c t  of water vapor or oxygen on the f a t i g u e  l i f e  of aluninun 
i s  r e a d i l y  apparent .  

The damaging 

It nay  be i n f e r r e d  t h a t  oxygen or  water vapor are,  prt-- 
sunably,  a l so  respons ib le  f o r  the decrsase ill l i f e  observed 
when aluminum is s t r e s s e d  i n  a l abora to ry  a i r  environment. It 
was not  de t ec t ed  i n  the  present  experiments,  whe the r  water 
vapor i n  t h e  molecular s ta te  i s  respons tb le  f o r  t h e  l a r g e  change 
i n  c rack  growth ra te  or whether c a t a l y t i c  decomposition a t  the 
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TABLE 1 

STRESS LEVEL = 11.4 x lo3  p s i  
THE EFFECT OF OXYGEN PRESSURE ON FATIGUE LIFE 

I 

TABU I1 
THE EFFECT OF OXYGEN PRESSURE ON FATIGUE LIFE 

STRESS LEVEL = 18.2  x 10 3 p s i  

TABLE I11 
THE EFFECT OF -WATER -"-AP(jR p-uss-uj& (j-N- FATIG-"-fi 

20 
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TABLE IV 
THE EFFECT OF WATER VAPOR PRESSURE ON FATIGUE LIFE 

STRESS LEVEL = 18.2 x 10 3 psi 

(Torr 1 

2 x 10-1 
.I ,-2 

NO. et 50 cps 25 c p s  1 Specimens ean Std.  dev. Mean k3td.v. 

6 2.42 0 .061 2.12 0.43 
2 . 39  - 7 . 1 7  -- 0.39 6 

6 2.062 0 .37 2.111 0.09 I 2*32 I 
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aluminum m e t a l  sur face  produced oxygen i n  l o c a l  q u a n t i t i e s  
s u f f i c i e n t  t o  e f f e c t  t h e  f a t igue  l i f e .  The a c t u a l  concen- 
t r a t i o n  of oxygen necessary t o  increase the rate of crack 
propagation can be c a l c u l a t e d  from t h e  formula: 

where M i s  number of molecules 02/cc, P i s  c r i t i ca l  pressure  
i n  Torr and T i s  t h e  abso lu t e  t e m  e r a t u r e .  For P = 10-3 Torr 
and T = 300"K, then N - 3 . 2 2  x 10 P 3 molecules Oz/cc. 

The hydrogen used i n  t h i s  i n v e s t i g a t i o n  had an impurity 
conteng of 0,001%, It can be c a l c u l a t e d  t h a t  a t  a pressure  
of 10' Torr t h e  maximum concentrat ion of oxygen i n  t h e  fa- 
t i g u e  system could only have been 3 . 2 2  x 108 molecules/cc;  
t h i s  proved i n s u f f i c i e n t  t o  e f f e c t  t h e  t o t a l  f a t i g u e  l i f e .  
It is i n t e r e s t i n g  t o  note  t h a t  t h e  estimated c r i t i ca l  t r a n -  
s i t i o n  pressure f o r  hydrogen, and indeed f o r  any supposedly 
i ne r t  gas, of t h i s  p u r i t y ,  i s  100 Torr.  

In t e r rup ted  tests. - The f a t i g u e  process can  gene ra l ly  
be separated i n t o  t w o  major components: Stage 1, comprising 
t h a t  por t ion  of t h e  f a t i g u e  l i f e  requi red  t o  nuc lea te  o r  i n i -  
t i a t e  a dominant crack,  and Stage 2 ,  t h e  number of stress cycles 
t o  propagate t h e  c r ack  through t h e  specimen t o  f i n a l  f r a c t u r e .  
I n  t h e  present  i n v e s t i g a t i o n ,  t he  effect  of pressure  on t h e  
two stages was s tud ied  by i n i t i a t i n g  a c rack  a t  one pressure 
l e v e l  and propagating i t  a t  another.  

a t  10-7 T rr and then propagating it  a t  atmospheric pressure 

t h e  c rack  i n  a i r  and propagating i t  i n  the  lower pressure envi-  
ronment. Typical propagation curves are shown i n  Figures  11 
and 1 2 .  It can be seen t h a t  a specimen subjected t o  a given 
crack  propagation environment w i l l  e x h i b i t  a s l i g h t l y  longer 
f a t i g u e  l i f e  i f  t he  d i s a s t r o u s  f a t i g u e  c rack  i s  i n i t i a t e d  i n  
vacuum. A t  low stress l e v e l s  t h e  specimen t h a t  has  been i n i -  
t i a l l y  subjected t o  a f a t i g u e  s t r e s s  i n  vacuum e x h i b i t s  a l i f e  
50 percent  g rea t e r  than the  specimen f a t i g u e d  t o  f r a c t u r e  com- 
p l e t e l y  i n  a i r .  Conversely, a specimen t h a t  h a s  a f a t i g u e  
c r a c k  nucleated i n  a i r ,  w i l l  exh ib i t  a l i f e  1 2  percent smaller 
than  a specimen f a t igued  t o  f r a c t u r e  completely i n  vacuuh. 

e 

The f i r s t  series of t es t s  cons i s t ed  of i n i t i a t i n g  a c rack  

(7.6 x 10 9 Torr ) .  The second s e r i e s  cons is ted  of i n i t i a t i n g  
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Figure 13 i l l u s t r a t e s  the r e l a t i o n s h i p  between the  c rack  
growth rate and the  a c t u a l  crack length  observed f o r  the  two 
pi'essixs l e v e l s ,  10'7 Tnrr 2nd ? , 6  x 102 Tor r .  It can be seen 
that  a genera l ly  cons tan t  d i f f e rence  i n  propagation ra te  e x i s t s  
f o r  the  two pressure l e v e l s ;  t h e  numerical value of t h i s  dif- 
f e rence  i s  5 ,  thus  

(7) 
dk! dk! - (atm) 5 (vac)  dN 

The c rack  nuc lea t ion  t i m e  N i s  r e l a t i v e l y  uneffected by t h e  

ber  of v c l e s  of stress t o  f o r m  a c rack  of a given length  i n  
a i r ,  NA , can be described by t h e  expression:  

atmosphere i n  which t h e  f a t  € gue t e s t  is canducted, thus  the  num- 

* 
NA NI -k NPA 

where  NPA is t h e  number of cycles t o  propagate t h e  i n i t i a l  c r ack  
nucleus t o  a given length i n  a i r .  

From Equation (7) ;  
a 

NPA = NPV (9) 

where Npv i s  t h e  
nucleus t o  the given length  i n  vacuun, It can r e a d i l y  be seen 
the re fo re  t h a t  t h e  n p b e r  of c y c l e s  t o  form a c rack  of a given 
length  i n  vacuum (Nv ) can be descr ibed by 

number of cyc le s  t o  propagate the  i n i t i a l  c rack  

* 
= N + 5 NpA 

Nv I 

Combining Equations (8) and (10): 

For t h e  f a t i g u e  t e s t s  i n  t h e  pre  e n t  work run a t  cons tan t  su r f ace  
s t r a i n  amplitgdes of & 1.2 x 10-9 i n / i n .  r e p r e s e n t a t i v e  va lues  
f o r  N*A and N t o  propagate a crack  loo2 c m  i n  length  were 
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1 . 2  x 105 and 2 .0  x 105 i n  air and vacuum, r e spec t ive ly .  The 
r s - , t i m a ~ e d  value of NI f o r  t h i s  s t r a in  arnplitude from Equation 
<-) : ) CJ-ZC about 2 x I O 5  cyc les .  

It  h a s  been pos tu la ted  by May l4  t h a t  f a t i g u e  crack nu- 
c -ea t ion  takes  place due t o  t h e  concent ra t ion  of s l i p  i n  s u r -  
L l i 2  lntrusions previously formed on t h e  specimen. May de t e r -  
sdned t h a t  1 . 3  x 105 cyc le s  of s t ress  would be necessazy t o  
produce a c rack  nucleus. The correspondence between t h i s  
t h e o r e t i c a l l y  der ived value and t h e  p resent  experimental r e s u l t s  
would seem t o  confirm the  v a l i d i t y  of t h e  approach, although 
che me ta l lu rg ica l  observat ions presenced later i n  t h i s  r e p o r t  
appea r  t o  place t h e  a c t u a l  d e t a i l s  of the  mechanism i n  ques t ion .  

t h a t  t akes  p lace  when the  environmental t e s t  gas pressure is 
changed dur ing  a tes t .  I t  i s  i n t e r e s t i n g  t o  note t h a t  the  
ins tan taneous  rate change which  occurs  when t h e  t es t  pressure  i s  
increased  i s  not  apparent  when t h e  t e s t  pressure  i s  lowered from 
atmospheric pressure  t o  10.7 Torr.  It  can be seen t h a t  a de f in -  
i t e  incubat ion period occurs before  t h e  high propagation r a t e  
t y p i c a l  of an a i r  environment diminishes t o  t h e  low propagation 
value observed i n  vacuum. 
to a r e a c t i o n  occurr ing between t h e  f r e s h l y  exposed aluminum 
a-d residcal oxygen t h a t  i s  trapped at the crack  t i p .  
l i m i t e d  r e a c t i o n  prevents  the c rack  growth rate from i,nmsdfa- 
keay changing t o  t h a t  value normally observed i n  a vacuum envik 
ronment . 

- 
Figure 14 i l l u s t r a c e s  t h e  change i n  t h e  c rack  growth r a t e  

T h i s  phenomena may be a t t r i b u t e d  

T h i s  
0 

Frequency effects. - The experimental  po r t ion  of t h e  work 
repor ted  i n  t h e  previous sec t ions  was c a r r i e d  out  by s t r e s s i n g  
t h e  specimens a t  two d i f f e r e n t  f requencies ,  25 and 50 cyc le s  
p e r  second. It was noted t h a t  a f a t i g u e  c rack  inva r i ab ly  pro- 
pagatcd a t  a slower ra te  through specimens s t r e s s e d  at  t h e  
higher frequency. Examples of t h i s  cype of behavior are shown 
iy? Figures  15 through 1 7 .  In a l l  these  cases, t h e  c rack  pro- 
pagates more s lowly  i n  t h e  specimen t e s t e d  a t  t h e  higher  Ere- 
qiLexy r ega rd le s s  of t h e  environmental t e s t i n g  condi t ions .  

MetaIPurgisal yc i nves t iga t ion .  - The su r face  of a t y p i c a l  
.~;.-cirnsn fa t igued  to f r a c t u r e  i n  a i r  i s  shown i n  Figure 18. - - ?kc: areas surrounding the  dominant f a t i g u e  crack a-re ~ = ~ - : i  
conta in  numerous sur face  markings t h a t  have t h e  appearance of 
sm'kl, undeveloped cracks.  The su r face  of a similar specimen 
s t r e s s e d  i n  vacuum, shown i n  Figure 19 ,  con ta ins  similar markings 
that are more numerous and more developed. F igures  20 (a) and 
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Fig. 18 

SURFACE OF ALUMINUM SPECIMEN 
CYCLED TO FRACTURE IN AIR. (25x) 
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Fig. 19 

SURFACE OF ALUMINUM SPECIMEN 
CYCLED To FRACTURE AT A 
PRESSURE OF loo7 ~ R R .  (25x) 
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j b ) ,  taken from a c r o s s  sec t ion  of a vacuum fa t igug  specimen, 
i n d i c a t e  the  depth of these  cracks tQ be about 10-3 inches .  

The reason f o r  the  more pronounced markings observed i n  
vacuum i s  not  known; however, i t  h a s  been shown t h a t  a f a t i g u e  
c r a c k  propagates more slowly ac ross  a specimen s t r e s s e d  a t  low 
p res su res .  The c r i t i c a l  sur face  condi t ion  of stress remains 
uniform f o r  an  extended period of time and deformation i s  n o t  
concentrated a t  any s p e c i f i c  crack t i p .  The crack n u c l e i  formed 
i n  vacuum develop t o  a later s t age  before  coalescence forms a 
dominant c rack  which  r ap id ly  propagates ,  

A clue t o  t h e  small environmental dependence of t h e  rate 
of c rack  nuc lea t i an  i s  furnished by Figure 21 .  
microscopical  technique has  been used t o  magnify t h e  sur face  
of t h e  crack n u c l e i ;  i t  can be seen t h a t  t h e  sur face  of alumi- 
num is l i f t i n g ,  presumably as a r e s u l t  of some subsurface 
damage. Environmental e f f e c t s  are n a t u r a l l y  g r e a t e s t  a t  t h e  
sur face ,  thus  subsurface nucleat ion would be expected t o  show 
l i t t l e  dependence on pressure.  
tests carried out i n  bending on h a l f  hard aluminum i s  t h e  
absence of sur face  s l i p  markings. The sur face  of t h e  c rack  
n u c l e i  shown in Figures  22 (a) and (b) i l l u s t r a t e  t h i s  pheno- 
mena. Lt can be seen t h a t  these crack  n u c l e i  have formed w i t h -  
ou t  t h e  appearance of sur face  s l i p  l i n e s ;  indeed t h e  topogra- 
p h i c a l  features present i n  these  photographs again suggest t h a t  
some subsurface mechanism i s  respons ib le  f o r  c rack  n u c l e i  formation. 

An e l e c t r o n  

A s u r p r i s i n g  f e a t u r e  of f a t i g u e  

0 

Aluminum is a high s tacking f a u l t  energy material; hence, 
any moving d i s l o c a t i o n  would be expected t o  c r o s s  s l i p  e a s i l y  
i n  such a way as t o  form an i n t e r a c t i n g  network of subgrain 
boundaries,  The n u c l e i  of subgrains are presumably a l r eady  
p resen t  i n  t h e  h a l f  hard aluminum used i n  t h i s  i n v e s t i g a t i o n ;  
l i t t l e  d i s l o c a t i o n  muvement i s  needed t o  p e r f e c t  them before  
they become progress ive ly  mis-oriented w i t h  respect t o  each 
o the r .  I n  t h i s  connection, experiments, using s t r a i n  gauges, 
c a r r i e d  ou t  i n  previous research 9 i nd ica t ed  t h a t  t h e  hardness 
of h a l f  hard aluminum remained cons tan t  dur ing  f a t i g u e  tes ts ;  
thus  any d i s l o c a t i o n  generat ion w a s  balanced by an apparent  
a n n i h i l a t i o n  process ,  presumably subgrain formation. It  may 
be surmised t h a t  t h e  subgrain boundaries a r e  regions of weak- 
n2ss which provide an easy crack propagation p a t h .  Figure 23 
shows a f a t i g u e  c rack ,  which d id  not  lead  t o  f i n a l  f r a c t u r e ;  
t h i s  c rack  i s  observed t o  d e l i n e a t e  many subgrain boundaries,  
t h e  s i z e  of which vary i n  diameter from 0.5 t o  3 x 10-4 c m .  
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Fig. 21 

ELECTRON MICROGRAPH SHOWING THE FORMATION 

OF A CRACK BY SURFACE UPHEAVAL (18,800~) 
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Fig. 23 
COMPOSITE ELECTRON MICROGRAPH SHOWING 
TYPICAL SURFACE FATIGUE CRACK. ( 5 3 4 0 ~ )  

40 



E m d n j t i o n  of t h e  f a t igu?  r:-rack f c t z r e  surface shews 
t h z t  che g r n t h  of Che f i n a l  c r sck  takes place 3y many 2echanisms. 
The "nippPe" markings typic;P ~f f a t i g u e  c rack  p r ~ p a g a t i o n  are 
s h a m  i n  F i g r ~ r z  24;  t h e  main crack  f r o A i t  i n  this ease cons is ted  

metal. 
f i c a t i o n .  The di3:tmce between t h ~ ?  narkings de f ines  t h e  lerzgth 
of  crack e x t e m i o n  per cycle ,  tn t h i s  czse 2 . 5  x cm/c)-ele. 
It is t c  be r m t d  f:m t h i s  figure i h a E  spp rec i ab le  t e a v i n g  takes  
place Setween n"xe'a3 covered by r i p p l e s .  It i s  surmised, there-  
fo re ,  cha t  each crack i s  nucleared by some subsurface mechanism 
and i s  propagated, presumably by t h e  b lun t ing  and sharpening of 
t h e  c rack  t i p  a s  proposed by Lafrd aP.d Smith 15. It i s  expected 
t h a t  gas pene t r a t ing  t h e  crack r e a c t s  w i t h  t he  newly exposed 
metal and prevents  t h e  crack from newelding providing t h e  par- 
t i a l  presmre of oxygen i s  high enough. 
each embryo crack then may fracture by actual t e a r i n g  of the 
m e  t a l  .. 

of sevexal s:~~1' lz - r  fxmts  p z c c * e 2 h g  CHI a i r ze re r , t  3 .  r r  p l a n s s  ix the  
Figuxe 25 5hi;ws s i m i l x  n p p k  maykings a t  h i g h e r  magni- 

Tile region between 

Phase ZI 

Extreme h i p h  vacuum fatigue t es t s .  - Fatigue t e s t s  of 
1100 aluminum were conducted i n  t h e  XHV system a f t e r  thermal 
outgass ing  to 150°C followed by cryogenic puzmping. 
mens were maintained a t  15 t o  20°C by a wstar hea t ing  j a c k e t  
,.L 1- th- ,-. 
W L I ~  t: t: u y o s h i e l d  temperature was Lowered to= t o  20 OK. 
I n i t i a l  vacuum l e v e l s  i n  the range 1 t o  5 x 10-11 Torr were 
obtained before  f a t i g u e  operat ion.  

The speci- 

with excitatim ~f t h ~  vlbrztoor mechanism, cne pressure 
level w s observed t o  rise rap id ly  to t he  range 3 x 1 0 a ~ o  t o  
2 x 10-4 Tmr d ~ e  ts add i t iona l  degassing of t h e  specimens 
under v i b r a t i o n .  Af te r  a shr:  t i m e  increment, t h e  pressure  
Bevel reached a peak and t h e r e a f t e r  decreased s t e a d i l y  through- 
out  t h e  remainder of t h e  t e s t .  The i n i t i a l ,  po r t ion  cf t h e  i n d i -  
c a t s d  pxesscre-time h i s t o r i e s  c f  rcprestqncative fatigue t es t s  
are presented i n  Figure 26. It is evident  t h a t  a measthrsble 
amaunt of adsorbed gas on rhe specinen surfaces was gi-%deg sff 
wieh t h e  a l t e r n a t i n g  stress app8icatlin. With continued stmres- 
sing, t h e  ind ica ted  pressure  steadi;y decreased t o  approxi -mte ly  
t h e  ini t . iaL \-,-%',eaeo 

The resu'h+s cf f a t i g x  Z c s t r  cx:ii?A GU% at 100 c p s  an u n i t  
atxcsphsre and st V Z I C W ~  1 ~ 5 / ' i L ~ 9  g , ~ 2 ~  cw 1 x 10-10 Torr 
3b"" .L ca;n;lpsred i n  Figu;-e 27 ,  in a.h;cb ~ t e  me6n total fraetare f i f e  
band va lues  i n d i c a t e  t h e  spread i n  sesuPts f o r  each group of 
e i g h t  simultaneousiy stressed specimens. The v a r i a t i o n  i n  
f a t i g u e  l i f e  va lues  are genera l ly  less than 40 percent..  It is 
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Fig. 25 
HIGH MAGNIFICATION ELECTRON FRACTOGRAPH 

SHOWING FATIGUE RIPPLES. (18,500~) 
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r e a d i l y  apparent t h a t  t h e  S-N band obtained i n  t h e  'Epacmm t e s t s  
was s u b s t a n t i a l l y  d isp laced  t o  t h e  r i g h t  zmpared  t o  t h e  band 
of va lues  r e s u l t i n g  from t h e  a i r  t e s t s .  
l i f e  i n  t h e  vacuum environment was i n  good agreement w i t h  the  
experimental  s t u d i e s  c a r r i e d  o u t  a t  higher pressure Levels. 

The increase  i n  f a t i g u e  

Analysis  of t he  experimental d a t a  reported i n  Phase  I 
t e s t s  showed t h a t  t he  increase  i n  the  f a t i g u e  r e s i s t a n c e  t o  
f r a c t u r e  i n  a vacuum of 2 x 10-7 Torr was about 3 t imes the  
atmospheric value f o r  a 

a l s o  show an improvement f a c t o r  i n  v c u m  remains e s s e n t i a l l y  
cons tan t  f o r  a l l  pressures  below 10-7 Torr i n  t h e  case of a lu-  
minum fa t igued  a t  reverse  loading rates above 25 cps .  

urface stress amplitude of 18,200 p s i .  
The d a t a  a t  the  7 x I O W 1  B Torr l e v e l  f o r  an equiva len t  stress 

Frequency effects. - The e f fec t  of c y c l i c  stress fre- 
quency i n  vacuum w a s  examined by comparing the  f a t i g u e  behav- 
i o r  of aluminum a t  14,600 p s i  sur face  stress corresponding t o  

a cons t an t  sur face  s t r a i n  amplitude of 0.00146 f o r  both 100 
and 200 cps  reverse  bending r a t e s .  The r e s u l t s  are a l s o  i n d i -  
ca t ed  i n  Figure 27.  It i s  apparent t h a t  i nc reas ing  the  s t r e s s  
frequenc by a f a c t o r  of 2 r e s u l t e d i n  s i m i l a g  i nc rease  i n  t h e  

cyc le s .  The inc rease  i n  f a t igue  r e s i s t a n c e  w i t h  frequency can 
be a t t r i b u t e d  t o  t h e  equivalence of t h e  t i m e  rate of c rack  ex- 
t ens ion  a t  pressure l e v e l s  w e l l  below the  c r i t i ca l  t r a n s i t i o n  
zone. 

mean n m  i3 er of cyc le s  t o  f r a c t u r e ;  1.55 x 10 t o  3.13 x 106 e 

The t i m e  requi red  f o r  contamination of a f a t i g u e  c rack  by 
oxygen or water vapor adsorpt ion can be de r ivea  from Equation 
(3):  

= -  seclcm 
i ta K 

where K i s  given i n  Equation ( 4 ) .  
adsorping molecule and assuming po2 

Considering oxygen as t h e  
= P/5, then 

10 
/v 5 x 1 0  ta seclcm 

f o r  t h e  va lues  P = 1 x 10. lo Torr 
A -1.0 x 10-15 cm2 and 1 /r = iO3. Since t h e  a c t u a l  t i m e  

46 

T = 291"K, M = 32, 



requi red  t o  propagate the  crack was abcut 1.4 x 10  4 sec through 
t h e  spcimer? half-depth of a b w t  0.10 cni, the required equiva- 
l e n t  crack growth time per u n i t  length of  extension was cnly 
about 1 . 4  x l o 5  sec/cm. 
crack exter~siur-1 fa r  exceeded the  exposure time required f o r  
e r a c k  contamination. 
t h e  a l t e r n a t i n g  s t r e s s  frequency would have t o  be decreased by 
a f a c t o r  105 
expected. 

It i s  appazent t h a t  the  time r a t e  of 

I n  the ind ica ted  10-10 Torr pressure  range, 

before a measurable contaminaticn e f f e c t  would be 

Comparison of extreme h igh  vacuum and intermediate  vacuum 
r e s u l t s .  - One of t h e  major goa ls  of t h e  cu r ren t  i n v e s t i g a t i o n  
was t o  extend t h e  range of observat ions of the vacuum environ- 
ment on f a t i g u e  behavior t o  pressure  l e v e l s  below 10-10 Torr 
approximating t h e  condi t ions  i n  deep space and t o  compare these  
r e s u l t s  w i t h  observat ions made a t  in te rmedia te  pressure l e v e l s  
i n  t h e  range 10-3 t o  10-8 Torr.  Representat ive composite 
r e s u l t s  from Phase I and Phase I1 s t u d i e s  are presented i n  
Figure 28 i n  which t h e  normalized average time requi red  f o r  
f a t i g u e  f a i l u r e  a t  a constant  sur face  s t r a i n  amplitude of - + 0.0012 i s  p l o t t e d  over t he  e n t i r e  pressure range covered i n  
t h i s  work. The d a t a  given fo r  pressure  l e v e l s  above 10-7 Torr 
were taken from f a t i g u e  tes ts  run a t  25 cps a l t e r n a t i n g  stress 
rates; t h e  d a t a  f o r  t h e  5 x 10-11 Torr l e v e l  were taken from 
100 cps  tests. 

It i s  apparent t h a t  t h e  average t i m e  requi red  t o  propagate 
a f a t i g u e  c rack  from nuclea t ion  t o  f a i l u r e  a p  roached a s t a b l e  
l i m i t  as the  pressure  w a s  d y e a s e d  below 10.7 Torr. A f u r t h e r  
pressure tec-iease below  IO-^^ Lorr, would not  be expected t o  
s i g n i f i c a n t l y  chan e t h e  f a t i g u e  r e s i s t a n c e .  With i nc rease  i n  
pressure  above 10-9 Torr ,  the f r a c t u r e  speed w a s  no t i ceab ly  
increased  p a r t i c u l a r l y  i n  the range 10-2 t o  10-5 Torr.  This 
change i n  the  f r a c t u r e  t i m e  can be a t t r i b u t e d  t o  oxide conta- 
mination of t h e  f a t i g u e  crack. At pressure  l e v e l s  above 10-1 
Torr ,  t h e  rate of oxygen r eac t ion  a t  t h e  c rack  t i p  may be ex- 
pected t o  be so  r ap id  t h a t  the f a t i g u e  p r o p e r t i e s  are i n s e n s i -  
t i v e  t o  f u r t h e r  i nc reases  i n  t h e  environmental gas pressure .  

- 
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CONCLUSIONS 

(1) The oxide,  c rack  contamination hypothesis  advanced i n  
previous work under Contract No. NASw-962 appears t o  be supported 
by extended inves t iga t ion .  S p e c i f i c a l l y ,  t h e  i nc rease  of t h e  
f a t i g u e  t r a n s i t i o n  pressure zone w i t h  temperature f o r  aluminum 
can be accounted €or by changes i n  t h e  pressure  dependence of 
t h e  oxygen o r  water vapor adsorpt ion rate and t h e  rate of c rack  
ex tens ion  with temperature. 

Fat igue tests in t e r rup ted  after nuclea t ion  of a v i s i -  
ble crack and continued a t  d i f f e r e n t  pressure  va lues  have demon- 
. s t r a t e d  t h a t  t h e  c rack  nucleat ion phase of t h e  f a t i g u e  process  
was l a r g e l y  i n s e n s i t i v e  t o  the  surrounding gas pressure  l e v e l .  
On t h e  o the r  hand, t h e  rate of c rack  growth was inf luenced by 
t h e  gas pressure ;  an inc rease  of pressure  r a i s i n g  t h e  growth 
rate while  a drop i n  pressure  re ta rded  t h e  rate. 

(2) 

(3) 
c u l e s  or from d i s s o c i a t e d  water vapor molecules was t h e  most 
probable  cause for f a t i  ue l i f e  reduct ion  a t  s tandard pressure  
l e v e l s .  
t a l  t o  t h e  fatigue p r o p e r t i e s  as e i t h e r  02 or H20 gas. 

1 x 10 
over t h e  ex rimental results a t  higher pressures  i n  t h e  range 
10-5 t o  l0 'yTorr .  The f a t i g u e  l i f e  s t a b i l i t y  a t  pressures  
below t h e  t r a n s i t i o n  zone may be a t t r i b u t e d  t o  t h e  l e s sen ing  
e f f e c t  of oxygen adsorpt ion i n  enhancing crack propagation and 
t h e  predominance of stress i n t e n s i t y  and mic ros t ruc tu ra l  e f f e c t s  
i n  determining t h e  rate of crack growth. 

Fat igue tes t s  a t  less than  1 x 10-10 Torr showed t h a t ,  
i n  agreement with p r i o r  r e s u l t s  a t  in te rmedia te  pressures ,  t h e  
number of c y c l e s  required f o r  f a t i g u e  f a i l u r e  increased substan- 
t i a l l y  w i t h  an  increase  i n  the  a l t e r n a t i n g  stress frequency. 
S p e c i f i c a l l y ,  increas ing  t h e  frequency by a f a c t o r  of two re- 
s u l t e d  i n  doubling t h e  f a t i g u e  l i f e .  Comparable- resu l t s  a t  
lower vacuum l e v e l s  showed that approximately 50 percent  in -  
crease i n  the c y c l i c  life could be expected with an  equiva len t  
chan e i n  frequency. The c y c l i c  dependence on rate of stress 
app l  f c a t i o n  may be a t t r i b u t e d  t o  t h e  importance of t h e  exposure 

F a t i  ue experiments run i n  d i f f e r e n t  r e s i d u a l  gas 
media showed t it at oxygen adsorp t ion  e i t h e r  from oxygen gas mole- 

Oxygen-free hy i rogen gas was c l e a r l y  not as detrimen- 

Fatigue t e s t s  x-ai at extremly ',=.;;I preessres belcU 
0 Torr showed l i t t l e  f u r t h e r  f a t i g u e  l i f e  improvement 

( 5 )  
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time at any pressure Bevel. When the rate of crack growth under 
oxygen-free conditions is large enough to cause fracture in less 
time t h m  -,hat required f o r  adsorption and contamination, varia- 
tion in the frequency stressing will generally no t  affect the 
t h e  rate of extension afmg the fracture path. 

FUTURE WORK 

Although the effect of residual gas atmospheres on the fa- 
tigue behavior of metals is an extremely broad field, the folk 
lowing specific suggestions are outlined for extending the work 
of the current investigation on the fatigue properties of 
aluminum in vacuum. 

(1) Since crack exposure time is apparently a major fac- 
tor controlling the fatigue crack growth, tests should be run 
with a variation in the exposure time by adjusting the ratio 
of maximum and mean surface bending stresses. 
the mean stress from zero to one-half the maximum stress, the 
exposure time per stress cycle can be varied from 0.5 to 1.0. 

(2) In an oxygen-free gas environment, the fatigue pro- 
pagation mechani.m will be dominated by stress and micrcstruc- 
turd conditions. Observations of the basic fracture process 
by electron fractography and transmission electron microscopy 
techniques will be of interest. In addition, comparative 
studies should be made under vacuum and standard atmospheric 
conditions in order to detect possible changes in the mechan- 
ism of crack growth indicative of oxygen reaction. 

By adjusting 

0 

(3)  Substructural details such as subgrain size m y  play 
an important role in crack propagation. In particular, the 
possible relation of a critical subgrain size to the fatigue 
endurance limit should be examined. 

( 4 )  The current results show that the cyclic life to frac- 
ture in vacuum is strongly dependent on the cyclic frequency or  
number oE stress applications per unit time. An investigation 
of the variation of the number of cycles to fracture with stress 
frequency, stress amplitude and pressure level should 5e made 
over a wide range of values to examine this effect in more de- 
tail. 
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